Intrinsically photosensitive retinal ganglion cells (ipRGCs) and their nuclear targets in the subcortical visual shell (SVS) are components of the nonimage-forming visual system, which regulates important physiological processes, including photoentrainment of the circadian rhythm. While ipRGCs have been the subject of much recent research, less is known about their central targets and how they develop to support specific behavioral functions. We describe Sox14 as a marker to follow the ontogeny of the SVS and find that the complex forms from two narrow stripes of Dlx2-negative GABAergic progenitors in the early diencephalon through sequential waves of tangential migration. We characterize the requirement for Sox14 to orchestrate the correct distribution of neurons among the different nuclei of the network and describe how Sox14 expression is required both to ensure robustness in circadian entrainment and for masking of motor activity.
SUMMARY
Intrinsically photosensitive retinal ganglion cells (ipRGCs) and their nuclear targets in the subcortical visual shell (SVS) are components of the nonimage-forming visual system, which regulates important physiological processes, including photoentrainment of the circadian rhythm. While ipRGCs have been the subject of much recent research, less is known about their central targets and how they develop to support specific behavioral functions. We describe Sox14 as a marker to follow the ontogeny of the SVS and find that the complex forms from two narrow stripes of Dlx2-negative GABAergic progenitors in the early diencephalon through sequential waves of tangential migration. We characterize the requirement for Sox14 to orchestrate the correct distribution of neurons among the different nuclei of the network and describe how Sox14 expression is required both to ensure robustness in circadian entrainment and for masking of motor activity.
INTRODUCTION
The recent discovery of a new class of retinal photoreceptors, melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs), revived interest in the role played by light in regulation of certain animal behaviors. Among the behavioral and physiological responses that rely on ipRGCs are entrainment of the circadian rhythm at the hypothalamic suprachiasmatic nucleus (SCN), the induction of the pupillary light reflex (PLR), and the suppression of motor activity (negative masking) Fu et al., 2005; Gü ler et al., 2008; Hatori et al., 2008; Hattar et al., 2002; Lucas et al., 2001) . IpRGCs project directly to the SCN via the glutamatergic retinohypothalamic tract, a pathway that is thought to be sufficient for photoentrainment. IpRGC collaterals extend further than the SCN to reach other targets in the diencephalon, among them the intergeniculate leaflet (IGL) and the olivary pretectal nucleus (OPN) (Hattar et al., 2002) . Several lesion-based experiments have implicated these non-SCN ipRGC targets in entrainment of the circadian rhythm (Edelstein and Amir, 1999; Harrington and Rusak, 1989; Johnson et al., 1989; Morin and Pace, 2002; Dkhissi-Benyahya et al., 2000; Muscat and Morin, 2006) and induction of the PLR (Whiteley et al., 1998; Young and Lund, 1994) , while data on their involvement in masking of motor activity by light remain sparse and inconclusive (Edelstein and Amir, 1999; Redlin et al., 1999 ). Yet, defects in photoentrainment were shown to be rather mild and damage to neighboring regions could not be entirely excluded.
The IGL and the OPN are part of a distributed structure known as the subcortical visual shell (SVS) (Moore et al., 2000; Blanchard, 1998, 2005) , consisting of several reciprocally interconnected GABAergic nuclei that, like the SCN, respond to acute light changes by induction of the immediate early gene c-fos (Prichard et al., 2002) . Further supporting a functional link among the different components of the SVS, both the IGL and OPN display synchronized oscillatory firing patterns (Szkudlarek et al., 2008) .
The significance of the ipRGC collaterals reaching several diencephalic targets other than the SCN remains obscure. The complex architecture and interconnectivity of the SVS suggests that it may not just act as a relay for ipRGC signals but serve as an integrator for multiple environmental stimuli, including luminance. It is yet unclear whether the anatomical complexity of the SVS reflects a similarly complex developmental ontogeny. With the aim of understanding the developmental process of SVS formation and to test for a link between its architecture and the behaviors it controls, we looked at the establishment of specific neuronal lineages within the diencephalon during embryogenesis and hypothesized that within this pool there would also be progenitors for the SVS. While it is accepted that the SVS is a GABAergic complex, GABAergic neurogenesis in the diencephalon has received much less attention than its telencephalic counterpart. Inhibitory diencephalic neurons were initially thought to arise in the prethalamus (rostral diencephalon) and to colonize the caudal diencephalon via tangential migration (Jones, 2007) . More recently, we and others have reported that GABAergic neurogenesis occurs in situ in a narrow transverse stripe of cells in the rostral part of the embryonic thalamus (r-Th) (Kataoka and Shimogori, 2008; Scholpp et al., 2009; Vue et al., 2007) . GABAergic progenitors in the r-Th can be distinguished from those in the prethalamus by expression of Tal1 (Scholpp et al., 2009 ), a bHLH transcription factor required for survival of GABAergic progenitors in different regions of the central nervous system (CNS), including the diencephalon (Bradley et al., 2006; van Eekelen et al., 2003) . Tracing of Tal1-expressing neurons in the r-Th indicates that this progenitor pool will form the IGL and, to a minor extent, part of the ventral lateral geniculate (vLGN) (Jeong et al., 2011) . Much less information is available regarding the embryonic origin of other nuclei of the SVS, but GABAergic transcription factors that, like Tal1, are expressed in the r-Th have also been described in the posterior pretectum, notably Helt (alias Mgn) and Sox14. Helt encodes a bHLH-Orange transcription factor with an essential role in differentiation of GABAergic neurons in the midbrain (Guimera et al., 2006a (Guimera et al., , 2006b Nakatani et al., 2004) . Sox14 is a member of the SRY-related HMG box class of transcription factors and it is thought to act as a transcriptional repressor to control lineage fate decisions (Hargrave et al., 2000; Hashimoto-Torii et al., 2003; Uchikawa et al., 1999) .
In this Article, we identify Sox14 as a marker for all nuclei of the SVS and show that its expression is required to drive development of a functional network supporting light-entrained circadian behaviors. We provide evidence on the common developmental origins of the SVS from two related neuronal progenitor domains, one in the r-Th and the other in the pretectum. Furthermore, we describe how sequential waves of tangential migration convert the simple organization of the two progenitor territories into the complex architecture of the SVS. This research redefines the role of the SVS as an important regulator of circadian behaviors.
RESULTS

Sox14
Is Expressed by a Subset of GABAergic Neurons in the Diencephalon Expression of proneural bHLH transcription factors in the diencephalon defines territories with a determined neurotransmitter fate. Expression of Neurog2 in the rostral pretectum, caudal thalamus, and zona limitans intrathalamica (ZLI) defines diencephalic regions with an excitatory fate ( Figures 1A and 1B) . By contrast, expression of the bHLH transcription factor Ascl1 defines the caudal pretectum, rostral thalamus, and prethalamus as having an inhibitory fate ( Figures 1A and 1B) . Upon exiting the cell cycle, neuronal progenitors upregulate expression of transcription factors that are predictive of their nuclear identity. Lhx9-positive neurons contribute to all thalamic nuclei projecting to the cortex ( Figures 1A and 1B) . Dlx2-positive neurons form prethalamic nuclei including the reticular nucleus of the thalamus and the ventral part of the LGN complex (vLGN) ( Figures 1A and 1B) .
We describe a neuronal population in the r-Th and caudal pretectum defined by the hierarchical expression of three transcription factors. This population arises in the Ascl1-positive progenitor domain, progressing from an early proliferating cell type expressing Helt to its most differentiated progeny expressing Sox14. Upon Helt downregulation and before Sox14 induction, this population also activates expression Tal1 ( Figures 1C,  1E , and 1F).
Colabeling of the embryonic day (E) 12.5 diencephalon with Dlx2, Sox14, and Gad1 indicates that GABA-synthesizing neurons arise from either the Dlx2-positive population or Sox14-positive population ( Figures 1D and 1G ). We therefore conclude that all Dlx2-negative GABAergic neurons in the diencephalon arise from the Helt-, Tal1-, and Sox14-positive population and that Dlx2 expression or lack of it defines two alternative GABAergic subtypes.
Sox14 Expression Underlies Development of the SVS
The onset of Sox14 expression correlates with cell-cycle exit in cells that have already initiated transcription of the Gad1 gene ( Figures 1D-1F ). Sox14 expression is maintained during embryogenesis but is progressively lost within the first 3 weeks after birth (data not shown). By contrast, Helt is only transiently expressed from the onset of neurogenesis up to E14.5 and Tal1 is expressed in intermediate progenitors but not in the most differentiated stages ( Figures 1A-1C and 1F) . Therefore, to further study the development and function of this diencephalic neuronal population, we took advantage of a knockout (KO) mouse in which the Sox14 coding sequence is replaced by the cDNA for eGfp by homologous recombination (Crone et al., 2008 Figure S1 available online). This cluster extends in a caudoventral direction along the thalamuspretectum border to form the nucleus posterior limitans (PLi). In the pretectum, a cluster of Sox14-positive cells occupies the area of the OPN and of the commissural pretectal area (CPA, expressing Npy; Figure S1 ) (Borostyá nkoi-Baldauf and Herczeg, 2002; Prichard et al., 2002) ; from the OPN, Sox14-positive cells extend laterally in the thin layer of cells that make up the nucleus of the optic tract (NOT) (Figures 2C and 2D) . In a more ventral location, Sox14-positive cells cluster at the 2D , and S1). As at E12.5, all Sox14-positive clusters coexpress the GABAergic marker Gad1 ( Figure S1 ). GFP-positive axons of Sox14-expressing nuclei extend into the hypothalamus to reach and surround the SCN (Figure 2C) . GFP-positive axons also extend between the IGL and the PLi and between the PLi and the OPN and CPA ( Figures  2C and 2D ). Based on their anatomical location and on their cross-connections, we define the pretectal and thalamic domains of Sox14-expressing cells as being part of the SVS.
To show that Sox14-expressing cells are part of the non-image-forming circuit originating with ipRGCs, we followed the retrograde transsynaptic spread of the Bartha strain of the pseudorabies virus (PRV152tdTomato). Upon injection in the eye chamber, PRV152 spreads through the parasympathetic circuit controlling the PLR, eventually reaching ipRGCs in the contralateral eye 72 hr after infection ( Figure 2F ) (Pickard et al., 2002; Viney et al., 2007) . We have found that at P3, pups are old enough to survive the procedure and expression from the Sox14 locus is still detectable, albeit at reduced levels and in fewer cells than at P2. Colabeling of GFP and tdTomato highlighted several Sox14-positive cells that contained viral particles within the OPN, CPA, and IGL ( Figure 2E ). In contrast, hypothalamic nuclei that are also part of the PLR circuit only contained viral particles but no GFP-expressing cells (SCN and paraventricular nucleus [PVN]) ( Figure 2E ). We also noticed very few and isolated viral particles in the LHa, sometimes coexpressed with the Sox14-expressing cells in the region ( Figure 2E ).
The Presumptive IGL Is a Source of Tangentially Migrating Neurons Examination of the Sox14 gfp/+ diencephalon at E12.5 did not show GFP-expressing cells at the thalamus-pretectum border or next to the habenula ( Figure 3A the LHa ( Figure 3A ). Given that no progenitor domain other than the ones we described at E12.5 arises at this location, we supposed that GFP-positive cells move to the LHa and PLi by tangential migration.
To test this hypothesis, we performed live time-lapse imaging on Sox14 gfp/+ diencephalic explants in culture. GFPpositive cells are first seen migrating tangentially from the r-Th toward the pretectum at E12.5 (Figures 3B and 3C ; Movie S1). Migration starts in the ventralmost part of the thalamus and moves dorsally, eventually concerning only the dorsalmost tip of the GFP-positive r-Th at E14.5 (Figures 3B and 3C ; Movie S3). By E15.5, all caudally migrating cells have reached their destination at the border between thalamus and pretectum and at the LHa and this first caudodorsal wave of tangential migration is completed. At E14.5, the rostral thalamic pool of GFP-positive cells initiates a new wave of tangential migration in a rostroventral direction to colonize the developing vLGN (Figures 3B and 3C ; Movie S4).
In summary, we define the rostral thalamic domain of Sox14-expressing cells as a source of tangentially migrating GABAergic neurons that form nuclei of the SVS at the thalamus-epithalamus border (next to the LHa), at the thalamuspretectum border (PLi), and in the vLGN. The bulk of the Sox14-positive cells does not migrate tangentially and instead forms the IGL ( Figure 3A) . We consider the PLi and the region lateral to the LHa a continuous structure that shares with the IGL and part of the vLGN a common origin. In the pretectum, Sox14-positive cells coalesce in the CPA that continues laterodorsally with the OPN. Minor tangential migration from this region results in spreading of Sox14-positive cells along the NOT and scattered throughout the anterior pretectum ( Figure 2C ). Some pretectal Sox14-positive cells also appear to reach the PLi ( Figure 3C ; Movie S2). 
Helt Is Required for Induction of SVS Development in the Pretectum
Gene expression analysis and live imaging indicate that nuclei of the SVS arise from two progenitor domains, the r-Th and the caudal pretectum. We identified Helt as an early lineage-specific transcription factor expressed by both pools. We therefore investigated whether Helt function is required for SVS development. Analysis of the diencephalon at E12.5 in the Helt knockout mouse (Mgn tZ/tZ ) revealed a strong downregulation of Sox14, Tal1, and the GABAergic marker Gad1 in the pretectum, but not in the r-Th (Figures 4A and 4B and data not shown). By E16.5, Sox14 is nearly absent from the pretectum, with only a few cells visible in the presumptive CPA ( Figure 4C ). In contrast to Helt function in the midbrain, where it acts to promote the GABAergic fate by suppressing the alternative glutamatergic lineage determinants Neurog1 and Neurog2 (Nakatani et al., 2007) , progenitors in the Mgn tZ/tZ pretectum do not upregulate Neurog2 expression ( Figure 4A ). Yet, the alternative lineage marker Lhx9 expands into the posterior pretectum, suggesting that Mgn tZ/tZ pretectal progenitors have switched to an excitatory fate (Figure 4A) . The failure to induce the genetic program underlying SVS development in the pretectum, but not in the r-Th, gave us an opportunity to further investigate the contribution of these two domains to the nucleus PLi that forms at the boundary between thalamus and pretectum. At E16.5, the Mgn tZ/tZ diencephalon displays a normal accumulation of Sox14-positive cells
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Transcriptional Control of SVS Origin and Function at the thalamus-pretectum border ( Figure 4C ), further confirming that this segment of the SVS develops largely from the r-Th via tangential migration, with only minimal contribution from the pretectum.
Dlx1 and Dlx2 Are Required in the Developing vLGN to Suppress the IGL Fate At E12.5, rostral thalamic Sox14-positive GABAergic neurons abut the bulk of GABAergic Dlx2-positive neurons of the prethalamus ( Figure 1D ). We hypothesized that Sox14-positive and Dlx2-positive cells are two alternative GABAergic subtypes. To test whether an epistatic relationship exists between the cell types, we investigated the development of the Sox14-positive population in a mouse mutant for Dlx2 and for the similarly expressed Dlx1 genes (Dlx1/2 2KO ). This double knockout mouse displays strongly impaired neuronal differentiation in the ventral telencephalon and prethalamus, with incomplete maturation and impaired migration of GABAergic progenitors (Anderson 5A and 5B). By E16.5 of normal development, most Dlx2-positive GABAergic neurons in the prethalamus have formed the reticular nucleus, while those arising closer to the ZLI form the vLGN. As shown above, the vLGN is invaded at E14.5 by Sox14-expressing GABAergic neurons from the r-Th (Figures 3B and 3C ; Movie S4). This results in the intermixing of Sox14-positive neurons within the largely Dlx2-expressing vLGN. However, in the double Dlx1/2 2KO mouse, the entire vLGN is occupied by Sox14-positive neurons ( Figures 5C and 5D ). We then asked whether ectopic Sox14-positive neurons in the vLGN acquire their normal GABAergic fate. Indeed the panGABAergic marker Gad1 is highly expressed in these cells despite lack of expression of Dlx1 and Dlx2 ( Figure 5D ). To assess whether these ectopic neurons have also acquired a full IGL character, we measured expression of the IGL marker Npy. Ectopic Sox14 cells in the vLGN express a high level of Npy, resulting in a $5-fold increase of Npy-positive cells in the combined IGL/vLGN region compared to control littermates ( Figures 5E and 5F We then assessed whether the positioning of SVS nuclei was affected in the mutant. However, the OPN, NOT, and CPA in the pretectum formed normally, as did the IGL and its derivative structures at the LHa and PLi ( Figure 6B and data not shown). Importantly, the geniculohypothalamic projection to the SCN is also visible ( Figure S2) .
In contrast to the normal distribution of those SVS neurons, GFP-positive cells were largely absent from the vLGN of Sox14 gfp/gfp animals ( Figures 6A and 6B ). To investigate whether this lack was due to increased apoptosis at the IGL, we measured activation of Caspase-3 in Sox14 gfp/gfp and Sox14 gfp/+ littermates between E12.5 and E18.5, when cells migrate into the vLGN from the IGL. We could not detect any increase in apoptosis in the mutant diencephalon ( Figure 6C ). We therefore hypothesized that in the absence of Sox14, IGL cells lose the ability to migrate into the vLGN. 1.7 (min 1.6, max 1.9), E18.5: 1.9 (min 1.4, max 2.6); fold change ± min and max range; t test: p < 0.001 at E16.5 and p = 0.01 at E18.5; n = 4 per genotype, per embryonic stage. All sections cut coronally at 14 mm. Scale bar represents 100 mm. See also related Figure S2 and Movies S5 and S6.
Sox14 is required to control the distribution of r-Th progenitors between the presumptive IGL and vLGN domains and the resulting increase in Npy-positive IGL neurons in the Sox14 gfp/gfp mutant mouse embryo led us to investigate whether the circadian clock of these mice would be compromised in its ability to entrain to a light:dark (LD) cycle. Notably, Sox14 is never expressed in the retina, and ipRGCs form normally in the Sox14 gfp/gfp mutant mouse (data not shown). To verify that neural signals from the retina to SVS neurons and the SCN core are functional, we measured induction of the immediate early gene c-fos in Sox14 gfp/gfp and control mice before and after acute light exposure (aL) (Figures S3A and S3B ). During the dark period, the SCN and the SVS do not express c-Fos, but the gene is strongly upregulated 1 hr after light exposure during the subjective dark phase ( Figure S3B ). We could detect no major differences in cFos levels between Sox14 gfp/gfp and control mice upon acute light exposure ( Figure S3B ). We conclude that Sox14 gfp/gfp mice have not lost the ability to transduce signals from the retina to their diencephalic targets.
Transcriptional Control of SVS Origin and Function mice to respond to environmental light changes was also shown under a 6 hr LD phase advance experiment ( Figure S5B ). Strikingly though, in Sox14 gfp/gfp mice, the phase of all three circadian outputs did not align to the phase of the light cycle ( Figures 7E,  7G , 7I, and S5A-S5C). As a consequence of their advanced phase onset, mutant mice displayed increased ambulations during the L phase and decreased ambulations in the D phase compared to controls ( Figure 7D ) (percentage, daily average ambulations in L phase: wild-type 14.9% ± 0.6%; Sox14 gfp/gfp 47.1% ± 1.8%; average ± SEM). Similarly, both the onset of feeding and elevation of body temperature were phase advanced. This is shown in Figure 7 , which compares feeding ( Figure 7F ) and body temperature ( Figure 7H) Figure 7J ).
Overall motor activity is increased in Sox14 gfp/gfp mice (approximately 2.5-fold), while there was no significant difference in either total length of feeding episodes (cumulative minutes per day: wild-type: 150.6 ± 10.0, Sox14 gfp/gfp : 168.2 ± 5.9; average ± SEM) or average core body temperature (wildtype: 36.7 C ± 0.06 C, Sox14 gfp/gfp : 36.9 C ± 0.2 C; average ± SEM). Notably, mutant mice display bouts of strong motor activity consistently localized around the time of D to L transition. Yet, this increased activity is transient and does not change the otherwise independent onset of the 24 hr cycle.
Sox14-Deficient Mice Do Not Display Light-Dependent Suppression of Motor Activity
An important function of ipRGCs is to control the light-dependent suppression of motor activity (negative masking). In this behavioral response, mice in their active phase (during the dark period) display an almost immediate cessation of movement when exposed to bright light. Activity starts again as soon as darkness is reestablished. We used the light paradigm illustrated in Figure 8A , with aL stimulation starting 1 hr into the subjective night (ZT 13) and maintained for the following 2 hr. While control mice had an almost immediate cessation of movement upon aL stimulation, Sox14 gfp/gfp mice maintained their activity levels almost unchanged throughout the 2 hr light pulse (percentage of prepulse activity: wild-type: 12.8% ± 3.1%; Sox14 gfp/gfp : 95.2% ± 14.8%; average ± SEM) ( Figure 8B ). A peculiarity of Sox14 gfp/gfp mice is the short-lasting increase in motor activity at each light transition (L to D and D to L) . This is particularly evident in the aL stimulation but is also consistently displayed in the circadian recordings under LD conditions for motor activity and for core body temperature ( Figures 7E, 7I , S5A, and S5B). Induction of the PLR completes the set of most studied responses initiated by ipRGCs. We therefore set out to measure the PLR in Sox14 gfp/gfp mice. In agreement with the lack of any observable anatomical and neurotransmitter phenotype in the OPN of the Sox14 gfp/gfp mice, we find that, under the conditions tested, the PLR is unaffected (pupil contraction as percentage of (A-C) Period length for ambulations (DD 21 days, LD 14 days, chi-square), feeding events (DD 7 days, LD 7 days, manually calculated with ActogramJ), and core body temperature (DD 14 days, LD 10 days, chi-square) on three independent sets of mice: n = 6-5, n = 3-5, and n = 4-3, respectively. Ambulations: wild-type DD 23. 
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Transcriptional Control of SVS Origin and Function prepulse area: wild-type 82.2% ± 2.8%; Sox14 gfp/gfp 82.4% ± 2.7%; average ± SEM) ( Figure S4 ). In summary, our analysis of circadian outputs and light-dependent physiological responses indicates that Sox14 gfp/gfp mice retain the ability to produce an endogenous rhythm (i.e., their endogenous circadian clock is intact), which can be entrained by light to a 24 hr period. Yet, unlike wild-type mice, they are unable to accurately synchronize the phase of their circadian behaviors with the phase of the light cycle. Furthermore, despite being able to sense sudden changes in light intensity (at L to D and D to L, and under aL), they are unable to convert this information into stable entrainment of three circadian responses (motor activity, feeding, and core temperature).
DISCUSSION
Here, we have provided findings on the developmental basis of behavior. By taking a developmental approach, we could describe the stepwise progression from simple to complex that is the underlying base for circuit formation. We have used a loss-of-function approach to define the negative and positive role played by Dlx1&2, Helt, and Sox14 in specifying a diencephalic SVS progenitor. By means of live imaging, we followed the early steps required to convert a simple progenitor region into a complex neuronal network. We mapped Sox14-positive cells within a functionally defined diencephalic network, the SVS, and in a well-known circuit, the non-image-forming circuit initiated by retinal ipRGCs. Finally, we provide a description of the Sox14 loss-of-function phenotype in the mouse and correlate the resulting anatomical defect in the SVS with a specific behavioral outcome.
The Developmental Defect in SVS Formation in the Sox14 Knockout Mouse and Its Behavioral Correlate
The function of Sox14 in vertebrates has been obscure. Despite earlier reports suggesting that it may be required for cell fate decisions, we find that in the absence of Sox14, SVS neurons retain their GABAergic fate. This could be due to the compensatory function of the closely related family member Sox21 (Uchikawa et al., 1999) . Instead, we find that Sox14 expression is required in the rostral thalamic progenitor pool to induce migration to the vLGN. Sox14-deficient neurons that fail to colonize the vLGN are retained in the presumptive IGL, resulting in an increased number of Npy-positive cells. The Sox14 mutant mouse allows for discrimination between the two main sets of ipRGC targets: the SCN and SPVZ, which are Sox14 negative, and the SVS, including IGL and OPN, which is Sox14 positive. All ipRGC axons target the SCN through the excitatory retinohypothalamic tract. This pathway appears normal in Sox14 gfp/gfp mice. Consistent with this, their circadian rhythms re-entrain to 24 hr under LD conditions. Yet, ipRGCs extend collaterals into the diencephalon to target Sox14-positive cells in the SVS. Furthermore, new evidence suggests that different classes of ipRGCs preferentially target the IGL and OPN nuclei (Baver et al., 2008; Ecker et al., 2010) . Of the two most prominent nuclei in the SVS (IGL and OPN), we find that only the IGL required Sox14 for correct development. Consistent with this, the PLR, which is thought to be mediated by the OPN, is normal in Sox14 gfp/gfp mice. The IGL takes an important position in the non-image-forming circuit as it completes a feedback loop with ipRGC-encoded information reaching the SCN first, then the SVS, and, through the IGL (geniculohypothalamic tract), back to the SCN. The observation that the phase of the circadian rhythms of Sox14 gfp/gfp mice cannot accurately entrain with the LD cycle provides genetic evidence of the central role that this feedback pathway plays in conferring an additional degree of robustness to retina-encoded photoentrainment. The IGL has been proposed to function as integrator of photic and nonphotic entraining cues. Such putative integrator function finds support in the existence of IGL afferents from hypocretin-expressing neurons of the lateral hypothalamus (Webb et al., 2008) and serotonin-expressing cells in the mesenchephalic raphe complex (Blasiak et al., 2006; Meyer-Bernstein and Morin, 1996) . Arousal, induced by forced motor activity during the quiet phase, results in phase advance of the circadian rhythm (Mrosovsky, 1996) , which is thought to be mediated by the IGL (Janik et al., 1995; Janik and Mrosovsky, 1994) . We used light as the only entraining variable, yet we cannot entirely exclude that Sox14 gfp/gfp mice display increased activation of the arousal system or lower sensitivity threshold to it, which in turn interferes with ipRGC-derived information at the IGL to give rise to the observed phenotype. Importantly, several lines of evidence (A) Masking of motor activity measured as relative motor activity in 10 min blocks. Light on 1 hr after initiation of the 12 hr dark period; darkness was reintroduced after 2 hr of aL, actograms represent average activity levels; n = 6-5. (B) Residual motor activity during the 2 hr light exposure excluding the first 10 min period, expressed as a percentage of prepulse levels (wild-type 12.8% ± 3.1%; Sox14 gfp/gfp 95.2% ± 14.8%; average ± SEM; t test: p < 0.001; n = 6-5). See also Figure S4 .
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Transcriptional Control of SVS Origin and Function have implicated the neuromodulator Npy in phase shifts of the circadian rhythm under both photic and nonphotic conditions (Albers and Ferris, 1984; Biello et al., 1994; Maywood et al., 1997 Maywood et al., , 2002 Rusak et al., 1989; Shinohara et al., 1993a Shinohara et al., , 1993b . IGL-derived geniculohypothalamic fibers are GABAergic and release Npy in and around the SCN where Npy levels cycle with two daily peaks at the times of photic transition (Glass et al., 2010; Shinohara et al., 1993a) . Hence, our finding that Sox14 is required for normal development of Npy+ cells in the IGL provides a plausible molecular explanation for this behavioral phenotype. Negative masking of motor activity is considered an effect of acute light on the circadian rhythm, yet this phenomenon has been the subject of much less research than photoentrainment and little is known of its molecular and anatomical basis. Here, we implicate Sox 14 as a central player in mediating the acute effect of light on motor behavior.
Dlx1 and Dlx2 Specify vLGN Fate at the Expenses of IGL Fate within Committed Diencephalic GABAergic Progenitors
Nearly all neurons in the SVS express GABA (Harrington, 1997; Klooster and Vrensen, 1997; Ottersen and Storm-Mathisen, 1984; Radian et al., 1990) and pharmacological manipulations of the GABAergic system change the response of the circadian rhythm to light (Golombek and Ralph, 1994; Ralph and Menaker, 1989) . We have defined GABAergic progenitors of the SVS by their sequential activation of three lineage-restricted transcription factors: Helt, Tal1, and Sox14. This GABAergic population is distinguishable from prethalamic GABAergic neurons, which express many of the transcription factors associated with GABAergic neurogenesis in the ventral telencephalon, e.g., Dlx1 and Dlx2, that are not expressed by rostral thalamic cells. The sharp transition between rostral thalamic and prethalamic GABAergic marker expression coincides with the middiencephalic organizer, the ZLI. At this anatomical location, both developmental programs are exposed to the organizer activity of the ZLI, allowing for fair comparison between the two. Using a loss-of-function approach, we have described how in the absence of Dlx1 and Dlx2, progenitors anterior to the ZLI acquire the fate of those posterior to it. This is an unexpected result because Dlx1 and Dlx2 were not thought to play a role in GABAergic subtype fate decision; rather, they were believed to be required for normal development within the GABAergic lineage.
Our data support a model whereby high Shh-signaling from the ZLI defines a symmetric progenitor domain both rostrally and caudally. This symmetric domain is defined by high Nkx2.2 expression and has a GABAergic fate. One of the properties imparted on subpallially derived interneurons by Dlx1 and Dlx2 is the ability to migrate tangentially over long distances to reach their settling position in the cortex and olfactory bulb (Anderson et al., 1997) . Similarly, but independent of Dlx gene expression, we describe the pool of rostral thalamic GABAergic progenitors as a highly migratory population, responsible for the distribution of discrete GABAergic nuclei along the rostrocaudal axis of the diencephalon. These migrations crucially convert the single narrow transverse progenitor domain in the rostral thalamus into the complex arrangement of SVS nuclei. Further work will be required to understand how different nuclei within the SVS acquire specific connectivity and the competence to carry out specific tasks within the larger network.
EXPERIMENTAL PROCEDURES Mouse Lines
All animal procedures were carried out in accordance with the guidelines and protocols approved by the KCL Ethics Committee and the UK Home Office.
Sox14
gfp/+ mutant mice were generated by L.Z. and T.J. at Columbia University and maintained at KCL. Dlx1;Dlx2 double knockout mice (Dlx1/2 2KO ) were generated and maintained at the UCSF (J.L.R.R.). Mgn tZ/tZ knockout mice were generated and maintained at the Helmholtz Zentrum Mü nchen (J.G.).
Histological Analysis
Fluorescent and DAB immunohistochemistry and RNA in situ hybridization on frozen sections were carried out using standard techniques (detailed protocols in Supplemental Experimental Procedures).
Intraocular Injection of Virus
Recombinant PRV152tdTomato was injected through the closed eyelid in the left anterior eye chamber (<1 ml) of cold-anaesthetized P3 Sox14 gfp/+ mice using a glass needle connected to a pressure pump (1-2 pulses, 8 ms, 0.8 bar). Pups were returned to their parents and sacrificed 72 hr later. The entire procedure was carried out in a biosafety level 2 laboratory.
Explant Cultures
Brains from Sox14 gfp/+ and Sox14 gfp/gfp embryos (E11.5 to E14.5) were dissected out in ice-cold Hank's balanced salt solution (HBSS). The forebrain was cut along the ventral midline in an open book preparation. The telencephalic hemispheres were removed and the explants transferred on millicell culture filters (Millipore, 0.4 mm, 30 mm diameter) with the ventricular side facing upward. Filters were floated on 1 ml of prewarmed and gassed (37 C, 5% CO 2 ) Neurobasal medium (Invitrogen), supplemented with 2% Glutamax (Invitrogen), 1% B27 (Invitrogen), and 1% penicillin, 1% streptomycin, and 0.1% HEPES buffer.
Time-Lapse Imaging
Fluorescent protein expression in live tissue explants was imaged using an inverted Nikon fluorescence scope (Eclipse TE2000-U) coupled to an automated heated stage maintained at 37 C. Images (2,000 ms exposure) were taken every 10 min over a 12 hr period (total of 73 time points). Data acquisition was by MetaMorph software (Molecular Devices). Time-lapse movies were assembled and analyzed using ImageJ (NIH, http://rsb.info.nih.gov/ij). Cell tracing analysis was carried out using the manual tracking plugin for ImageJ. Six representative cells were chosen to represent the general direction of movement. Cell positions were tracked every 3 hr over a 12 hr period and a representative trace was produced.
Circadian Studies
Adult male and female mice (22-30 g, 4-8 weeks old at the start of the study) were individually housed with food and water ad libitum at room temperature (22 C ± 2 C) in either a 12 hr:12 hr LD cycle (lights on at 06:00 hr) or in continuous darkness (DD). Room lighting was provided by ceiling-mounted white fluorescent tubes and by white LED strips (200 mW/cm 2 ) directly above the mouse cages. Room light level was monitored continuously with an environmental climate monitor (SwiftBase International). Irradiance was measured inside each mouse cage using a Macam PM 203 optical power meter (Macam Photometrics). Cage bedding was changed every 2 weeks. Activity was measured using a cage-rack photobeam activity system (San Diego Instruments) consisting of a metal photobeam frame with four horizontal infrared beams surrounding each cage. The frames were positioned 1.5 cm above the cage floor and gross movements were recorded (i.e., breaking of adjacent beams). Activity counts in 10 min bins were summed and used to plot actograms and periodograms as shown in Figure 7 using Chronos-Fit Software.
Core body temperature was measured using battery-operated temperature transmitters (TA-F10; Data Sciences International) implanted into the peritoneal cavity under Isoflurane anesthesia 2 weeks before recording began. Temperatures in individually housed mice were recorded for 10 s every 10 min throughout the experiment by a receiver (RPC-1, DSI) placed under each cage. Chronos-Fit Software was used for circadian analysis of core body temperature rhythm.
Feeding episodes were automatically recorded with infrared 1.3 M Pixel USB cameras using the commercially available SecuritySpy software (BenSoftware, http://www.bensoftware.com). Access to food was restricted to the area facing the camera. Recording automatically started when movement was detected in a mask positioned on the food area. Images were captured at 30 frames per second (fps) (320 3 240 pixels). All automatically generated files were inspected individually to discard false positives. Initiation and duration of each event was converted into a suitable input file for the Actogramj (ImageJ plugin, Actogrmj (http://132.187.25.13/actogramj/index. html) using a custom-made script. Feeding events were binned into 10 min units. Bar heights represent duration of feeding events within the 10 min period. Analysis of free-running period length was calculated manually using the ''period tool'' in Actogramj.
Negative Masking Experiments WT and Sox14
gfp/gfp mutant mice were housed for 2 weeks before the experiment in a 12 hr:12 hr LD cycle and were shown to be stably entrained by continuous monitoring of activity. A negative masking protocol, similar to one described previously (Thompson et al., 2008) , was used. A 3 day experimental protocol of 2 nonpulsed days bracketing a single light pulse day was used; on the pulse day, a 2 hr light pulse was applied starting 1 hr after dark onset (19.00 hr). The light pulse illumination was provided by white LED strips (80 mW/cm 2 ) directly above the mouse cages. As activity onset in Sox14 gfp/gfp mutant mice was not synchronized with dark onset, it was not possible to apply the light pulse 1 hr after activity onset as in WT mice. However, the pulse was given at the same clock time (19.00-21.00) as in WT mice; activity recording confirmed this time was during the active period for all of the KO mice.
Pupillary Light Reflex PLR measurement was carried out at ZT 16 in the dark. Adult wild-type and Sox14 gfp/gfp mice were anaesthetised with Isoflurane and their head immobilized on a stereotaxis apparatus. A 10 s light-pulse (3-5 mW) on the left eye was followed by a 2 min recovery time. PLR was recorded from the right eye with an infrared 1.3 M Pixel USB camera at 10 fps. Pupillary constriction was calculated using ImageJ software by taking the pupillary area immediately prior to light stimulation and 10 s after.
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